Abstract: An amphiphilic block copolymer, poly(ε-caprolactone)-b-poly (sulfobetaine methacrylate), (PCL-b-PSBMA), which comprising of hydrophobic polyester segment and hydrophilic zwitterionic segment, was synthesized by ringopening polymerization (ROP) together with atom transfer radical polymerization (ATRP). The chemical structure and composition of the synthesized copolymers were first investigated by 1 HNMR and GPC. The copolymers were further processed into non-woven fabrics by electrospinning. The surface chemical composition, fiber morphology, hydrophilic/hydrophobic property, and cell viability of the as-prepared scaffold were evaluated by X-ray photoelectron spectroscopy, SEM, water contact angle and uptake measurement, and MTT assay, respectively. All these results indicate that this kind of copolymers is a suitable candidate for the biomedical application.
Introduction
Over the past decade, the development of scaffolds for cell/tissue culture based on the use of biodegradable and biocompatible polymers (synthetic or natural) has been emphasized [1] [2] [3] [4] [5] [6] . Poly(ε-caprolactone) (PCL) is a kind of biodegradable and nontoxic aliphatic polyester with good mechanical properties and has been approved by FDA to produce a number of tissue engineering scaffolds, medical devices, and drug-delivery carriers after extensive in vitro and in vivo experiments [7] [8] [9] [10] . However, the widespread utility of PCL as scaffold has been limited, because it is hydrophobic, which often leads to unfavorable cell adhesion and growth [11] . Therefore, the physical and biological properties of PCL should be further improved.
Zwitterionic polymers which containing phosphorylcholine (PC), sulfobetaine (SB), or carboxybetaine (CB) groups have received increasing attention due to the biocompatibility, long term stability, and high resistance to nonspecific protein adsorption from complex media [12] [13] . Several studies are concentrated on the copolymers of SB block combined with other hydrophobic monomers in order to obtain sufficient mechanical strength and good biocompatibility [14] [15] .
Copolymerization is a versatile method to combine the advantages of two or more homo-polymers, and novel materials with desirable properties and unique morphology and (or) phase structure have thus been developed. Liu et al. reported the preparation of thermosensitive PCL-PEG copolymer hydrogel, and investigated their physical-chemical properties and drug delivery behavior [16] . To the best of our knowledge, very few papers reported on copolymers composed of hydrophobic PCL and hydrophilic PSBMA segments [17] [18] [19] .
In addition, electrospinning has gained considerable attention in connection with fabrication of polymeric nonwoven fabrics or scaffolds for biomedical applications [20] [21] [22] [23] . Several reports have shown that the electrospun scaffolds can serve as a good environment for cell attachment and proliferation, since they can mimic utmostly the native extracellular matrix (ECM) and have the characteristics of high area/volume ratio and controllable porosity [24] [25] [26] [27] . Moreover, careful tuning of the processing parameters allows fabrication of scaffolds with desired micro/nanoarchitectures (i.e. fiber size and orientation), which are expected to influence cell behavior and to play a crucial role in engineered tissue fabrication [28] .
In this study, firstly we synthesized a new class of block copolymers of poly(ε-caprolactone)-b-poly(sulfobetaine methacrylate) (PCL-PSBMA) by ring-opening polymerization (ROP) and atom transfer radical polymerization (ATRP). And the nonwoven fabrics were further prepared by electrospinning of the as-synthesized copolymers. The surface chemical composition and the morphology of the scaffolds were characterized. The hydrophobic/hydrophilic property of the as-prepared scaffold was investigated. And the cytotoxicity of the scaffolds was analyzed using the MTT assay.
Results and Discussion
The synthetic route for poly(ε-caprolactone)-b-poly(sulfobetaine methacrylate) is shown in Scheme 1. Firstly, PCL was synthesized by the ring-opening polymerization of ε-CL under the catalysis of Sn(Oct) 2 . In order to convert this PCL end groups into initiating sites for ATRP, the hydroxyl groups of the PCL were then functionalized with 2-bromoisobutyryl bromide to generate macroinitiator PCL-Br. The final step was the polymerization of SBMA monomers initiated from the PCL-Br to synthesize the PCL-PCBMA block copolymers.
The molecular weight and distribution of the synthesized copolymers were characterized by GPC analysis. GPC chromatograms (Fig.1) show a decrease in elution time after the polymerization process, which corresponds to the increase of the molecular weights. The molecular weights continuously increase with the concentration of SBMA monomer, although the precise determination of them in copolymer is impossible. In a word, a series of PCL-PSBMA copolymers with different chain length of PSBMA block were prepared through systemically changing the feeding ratio of macroinitiator to SBMA monomer. The chemical structure of synthesized polymers was characterized by 1 HNMR analysis (Fig. 2) . Compared to pure PCL, an additional peak appeared at 1.92 ppm (peak a) in the spectrum of PCL-Br, which belongs to 2-bromoisobutyryl bromide residue (-C(CH 3 ) 2 -Br). After the copolymerization of SBMA, the peaks at 2. The surface chemical composition of the electrospun fabrics was studied by X-ray photoelectron spectroscopy (XPS). The binding energy (BE) was corrected using C1s as a reference at BE = 285 eV. The spectrum of the PCL-PSBMA (Fig. 3) showed two dominant peaks corresponding to C 1s (BE∼ 285 eV) and O 1s (BE∼ 533 eV), which are the same as the pristine PCL (data not shown). Additional peaks corresponding to S2p (BE∼ 166 eV) and N1s (BE∼ 402 eV) are still evident, which are due to the zwitterions units of the PCL-PSBMA copolymer. Quantitative result shows that the atomic ratios of N1s and S2p increase from PCL-PSBMA 1 to PCL-PSBMA s , which indicates the increased ratio of the PSBMA block in the copolymer and agrees with the GPC analysis. The block composition of PCLPSBMAs at the surface has also been determined (Table 1) . It should be mentioned that the concentration of hydrophobic PCL segment is higher at the surface than in the bulk. Because the hydrophobic groups are spontaneously enriched at the solidair interface, therefore the topmost surface is more hydrophobic than the bulk [29] . 
Tab. 1.
Relative atomic composition of the PCL and PCL-PSBMA non-woven fabrics analyzed by XPS. It is well known that the size and morphology of electrospun fabrics are influenced by both the intrinsic properties of solutions and the spinning parameters. In this study, all non-woven fabrics were prepared by using identical electrospinning parameters. The fiber morphology of electrospun PCL and PCL-PSBMA fabrics were analyzed by scanning electron microscope (SEM) as shown in Fig. 4 . From the images, it can be seen that the electrospun fabrics have highly porous microstructure with interconnected pores. The pristine PCL fibers are smooth and beadless with the average fiber diameter less than 1μm, and the fluctuation in fiber diameter results from the main and the sub-jets fluid [30] . Also the morphology of the PCL-PSBMA fabric does not show apparent difference from that of PCL one (Fig. 4(b) ). This highly porous structure of electrospun fabric is similar with the morphology of protein fibers of the natural extracellular matrix [26] and has beneficial effect on cell adhesion and growth. The surface wettability was determined by water contact angle measurement (Fig. 5) . It has been accepted that both surface chemistry and surface roughness affect the water contact angle [31, 32] . In this study, water contact angle measurement was first conducted on the surface of dense film with the aim to only investigate the effect of surface chemistry on the surface hydrophilicity (or wettability). The contact angle value of pristine PCL was 91°, which indicating the hydrophobic profile of it. In contrast, PCL-PSBMAs show decreased values which range from 85° to 71° ( Furthermore, the evolution of the contact angle on non-woven fabrics surfaces was monitored to follow the dynamic process over a time period of 5 minutes. As can be seen from Table 2 , the initial water contact angle of PCL was 102°, which is higher than that on flat surface. The main reason is due to the pinning effect, that is, contact angle on rough surfaces shifted to more hydrophobic values [33] , and the value was shown to be stable during the studied time periods [34, 35] . But the water contact angles of the PCL-PSBMAs were time-dependent, that is, the values continuously decreased with the time (Fig. 5) . The evolution of contact angle depends on two major processes, namely, absorption and spreading. Spreading is usually faster than absorption, which mainly affects the starting shape of the droplet [36, 37] . Because of the incorporation of hydrophilic SBMA segment, percolation can take place through pores or capillary tubing in PCL-PSBMAs non-woven fabrics, and the value of water contact angle decreased as the absorption processed. Therefore, introducing PSBMA segments has an effect on the hydrophilicity as well as the wetting process. Further increasing the time period is impossible due to the evaporation of the water drop. Hence, the water uptake test was carried out to evaluate the bulk hydrophilicity of the electrospun fabrics in a long time period (Fig. 6) . Generally, the water uptake values of PCL-PSBMA fabrics were higher than pristine PCL at each time point, demonstrating the enhanced hydrophilicity of the block copolymers. The bulk hydrophilicity of PCL-PSBMAs as judged by the amount of adsorbed water also showed an increasing tendency with the length of SBMA block, similar to that of surface contact angle. It should be noted that the equilibrium water uptake for PCL was higher than the reported data, which was due to the porous structure of electrospun fabrics.
In a word, the incorporation of SBMA segments provided an effective improvement of the hydrophilicity (both surface and bulk) of the PCL-containing polymers. Hydrophilicity was an important factor in determining the adhesion and attachment of cells to the substrates, hence the improved hydrophilicity favored the application of this type of materials in tissue engineering [11, 38] . The cell viability of the as-prepared non-woven fabrics was evaluated by MTT assay, with the TCPS as control (Fig. 7) . We found that the cell number increased with the culture time on all electrospun scaffolds. At the first day, PCL-PSBMA 2 and PCL-PSBMA 3 which contained higher amount of SBMA, presented better cytocompatibility than TCPS, and the reason may be the higher hydrophilicity introduced by the SBMA segment. After 3 days incubated 3T3 cell lines grew well on all substrates, and no significant difference could be indentified between PCL-PSBMAs and the TCPS. This result implied that SBMA block did not introduce cell toxicity and the copolymers can satisfy the requirements for various biomedical applications. 
Conclusions
In this study, we synthesized a series of novel block copolymers, poly(ε-caprolactone)-b-poly(sulfobetaine methacrylate), with different block compositions by combining ROP and ATRP. Due to the incorporation of zwitterionic segments, this type of copolymers show improved hydrophilic properties compared to PCL homopolymer. The copolymers were further electrospun into non-woven fabrics with smooth and well-defined fiber morphology. Cell compatibility of PCL-PSBMA fabrics was evaluated by MTT assay and compared with the TCPS. Results indicate that this PCL-PSBMA copolymer is a promising candidate for various biomedical applications.
Experimental
Materials ε-Caprolactone (ε-CL; Acros 99%) was dried over CaH 2 and distilled and stored under nitrogen atmosphere prior to use. Sulfobetaine methacrylate (98%), stannous octoate, 4-dimethylamine pyridine, and 2,2'-bipyridine (BPY 99%) were purchased from Aldrich and used without further purification. 2-Bromoisobutyryl bromide (98%) was purchased from Acros. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was purchased from Invitrogen (Grand Island, NY). Triethylamine (Et 3 N) was distilled from potassium hydroxide (KOH) under nitrogen atmosphere. Solvents such as tetrahydrofuran (THF) and ethyl ether were dried with sodium and distilled. Dichloromethane was dried with CaH 2 and distilled. All purified solvents and chemicals were stored under nitrogen atmosphere.
Synthesis of poly(ε-caprolactone)-b-poly (sulfobetaine methacrylate) (PCL-PSBMA)
Firstly, ε-CL (15 mL, 80 mmol), Sn(Oct) 2 (32.4 mg, 0.08 mmol) were added into an ampoule. After three freeze-vacuum-thaw cycles, the mixture was sealed and placed in an oil bath at 120 0 C for 26 h under stirring. The product was dissolved with CH 2 Cl 2 and precipitated in petroleum ether twice Then in a 250 mL three-necked flask, 1.22 g of triethylamine (12 mmol), 1.962 g of 4-dimethylamine pyridine (18 mmol), and 6.21 g of 2-bromopropionyl bromide (30 mmol) were dissolved in 100 mL of dichloromethane to give rise to a homogeneous solution. Another homogeneous solution of PCL-OH (10 g in 50 mL of dichloromethane) was added slowly under nitrogen atmosphere over a period of 5 h. The mixture was stirred at room temperature overnight, concentrated by rotary vaporization, and filtered. The product PCL-Br was precipitated from an ethanol/water mixture (50/50, v/v) and further purified by dissolving in THF and then reprecipitated in ethanol.
Finally, CuBr (0.14g, 1mmol) and PCL-Br (0.5g) were placed in a nitrogen-purged reaction tube. For the copolymer of PCL-PSBMA 1 , SBMA monomer (0.21g, 0.75 mmol) was dissolved in nitrogen-purged 25mL of water and methanol mixture (1:1 in volume ratio), and BPY (0.31g, 2 mmol) in nitrogen-purged methanol was transferred to the tube. The mixture was sealed and placed in an oil bath at 115 0 C for 24 h under stirring. The reaction solution was diluted with THF (50 mL) and passed through an alumina column to remove the copper complex. The solution was then concentrated to about 15 mL and precipitated into cold ethanol (200 mL) twice. The precipitate was collected by vacuum filtration and dried in vacuo oven overnight to obtain white solid. PCL-PSBMA 2 and PCL-PSBMA 3 were synthesized under the same reaction conditions, except that the amounts of SBMA monomer used were 3.3 and 7.5 mmol, respectively.
Preparation of PCL-PSBMA dense films
The dense films with flat surface were prepared by casting CHCl 3 solutions of the copolymers (20 wt%) onto clean glass plates. The membranes were obtained by evaporation of the solvent in the atmosphere at room temperature for 8 h. The resultant membranes were finally dried for another 24 h at 40 0 C under a vacuum before use.
Preparation of PCL-PSBMA electrospun fabrics
The PCL-PSBMAs were electrospun into non-woven fabrics by a custom designed electrospinning apparatus, consisted of a high-voltage power supply, an infusion pump, a plastic syringe equipped with a stainless-steel blunt-ended needle (0.5 mm in inner diameter), and rotated roller covered by aluminum foil as the collector. A Teflon tube was used to connect the syringe and a blunt-end needle which was setup vertically. The polymer solutions were prepared by dissolving PCL or PCL-PSBMAs in chloroform at the concentration of 20 wt%. Approximate 20 mL of solution was fed into the syringe. The feeding rate is 6 mL/h, and the voltage is 18 kV. The distance between the nozzle and collector was adjusted to 12 cm. The resulting non-woven fabrics were collected on alumina foil and left in a vacuum oven at 38°C for 24 h to eliminate the residual solvent and kept in a desiccator for further characterization.
Characterization of the synthesized polymers 1 HNMR spectra were recorded at room temperature on a Bruker AV-300 spectrometer with tetramethylsilane as the internal standard and deuterochloroform (CDCl 3 ) as the solvent. Gel permeation chromatography (GPC) was performed on a system equipped with Waters 1525 HPLC pump, three Waters UltraStyragel columns of different molecular ranges (5 K-600 K, 500-30 K, and 100-10 K) in conjunction with a Waters 2414 refractive index detector. The mobile phase was THF with a flow rate of 1.0mL/min. The calibration curve was obtained by using polystyrene (PS) standards.
XPS measurement
XPS analysis was carried out on a VG Scientific ESCALAB MK II (UK) spectrometer using Mg Kα as radiation source (12kV and 20mA at the anode). Survey spectra were collected over a range of 0-1150 eV and high-resolution spectra of C 1s, N 1s, O 1s, S 2p, and were also collected. The binding energy was referenced by setting the C 1s hydrocarbon peak to be 285.0 eV. The relative sensitivity factors for each signal are 0.278 (C 1s), 0.780 (O 1s), 0.668 (S 2p) and 0.477 (N1s), and used for the determination of relative atomic composition.
SEM measurement
Surface morphologies of the electrospun fabrics were observed by an electron scanning microscope (SEM, JEOL JSM 5900-LV). Images were acquired using an accelerating voltage of 15 kV. Prior to observation, the specimens were coated with gold/palladium.
Contact angle measurement
Contact angle measurement was performed with a Ramé-Hart contact-angle goniometer (USA). Before measuring, the films were dried overnight in a vacuum oven at 40
• C. Measurements were carried out using the sessile drop method with 5 μL of distilled and deionized water drops. Reported results were averages of measurements on five samples.
Water uptake measurement
Water uptake of the non-woven fabrics was determined as follows: the dried specimens (1cm in diameter) were weighed and immersed in purified water. After pre-determined time intervals, the specimens were taken out of the water, wiped dry with tissue paper, and weighed again immediately, thus the water contents were calculated.
MTT assay
Mouse embryonic fibroblast cells (NIH 3T3) were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS), penicillin-streptomycin, and 4 mM L-glutamine at 37 °C in a humidified 5% CO 2 . The electrospun fabrics were cut into disks sized for 48-well tissue culture polystyrene plate (TCPS) and sterilized under ultraviolet irradiation for 2 h. The cells were seeded on sterilized specimens at a concentration of 2 × 10 5 cells/well and DMEM was changed every day. The early cell response to the samples was assessed using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) test. 1, 3, and 5 days after seeding fibroblast (3T3) onto the specimen, 0.05 mL of the MTT solution (2 mg/mL in PBS) was added to the cell-nanofiber constructs and incubated for 4 h at 37 °C. Dimethyl sulfoxide was used to replace the solution to dissolve the formazan salts, and the final absorbance of each sample was measured using a Labsystems Multiskan RC 96-well microplate reader at an excitation wavelength of 490 nm after incubation for 30 min at 37 °C (n = 3).
